Malpighian tubules play an essential role in excretion, osmoregulation and immunity of most insects. Exceptionally, aphids lack Malpighian tubules, providing the opportunity to investigate the fate of genes expressed in an organ that has undergone evolutionary reduction and loss. Making use of the sequenced genomes of Drosophila melanogaster and the pea aphid Acyrthosiphon pisum, we demonstrated that more than 50% of Drosophila genes expressed specifically in the Malpighian tubules had orthologues in the pea aphid genome and that most of the pea aphid orthologues with detectable expression were identified in the gut transcriptome. Relative to the whole genome, genes functioning in amino acid metabolism are significantly over-represented among the pea aphid orthologues of Malpighian tubule genes, likely reflecting the central importance of amino acid acquisition and metabolism in aphids. This study demonstrates that the evolutionary loss of a key insect organ, the Malpighian tubules, has not been associated with the coupled loss of molecular functions.
Background
Generally, the size of different organs in an animal body is tightly regulated, such that the various organs scale allometrically with overall body size, both within and across species [1] . Deviations from these allometric patterns provide the basis to investigate the selection pressures and molecular mechanisms that determine organ size and function [2 -4] . In particular, vestigialization and loss of structures are increasingly being used to study the relationship between reductive evolution of an organ and patterns of gene expression [5] [6] [7] .
This study concerns the molecular correlates of the evolutionary loss of an insect organ, the Malpighian tubules. The Malpighian tubules are paired outpocketings of the gut that arise at the junction between the midgut and hindgut (figure 1a). They function in osmoregulation, nitrogen excretion, detoxification and immunity [8] . Malpighian tubules are near-universal in insects. Exceptionally, they are absent from the aphids (Aphidoidea), in which the gut comprises a tube without any discernible evaginations (figure 1a) [9, 10] . Aphids are plant phloem sap-feeding insects of the order Hemiptera. Phloem feeding through the life cycle has evolved multiple times in hemipteran insects but apparently no other animals. Other phloem-feeding hemipterans either possess Malpighian tubules (e.g. scale insects, planthoppers and heteropteran bugs) or have outpocketings from the gut that have been described as either ceca or Malpighian tubules (e.g. whiteflies and psyllids) [9] [10] [11] . These data indicate that the absence of Malpighian tubules is compatible with, but not necessary for, the phloem-feeding habit.
We hypothesized that the evolutionary loss of Malpighian tubules in aphids is associated with the allocation of certain functions to different organ(s), especially the gut, which, like the Malpighian tubules, plays an important role in water relations and osmoregulation of insects [12] . To investigate this hypothesis we adopted a molecular approach: specifically, to identify a panel of & 2015 The Author(s) Published by the Royal Society. All rights reserved.
genes preferentially expressed in Malpighian tubules of one insect, and then determine the incidence of the orthologues of these genes in an aphid. We used Drosophila melanogaster and the pea aphid Acyrthosiphon pisum because the genome sequences of both insects have excellent annotations (flybase.org, aphidbase.com) and the molecular physiology of Malpighian tubule function of Drosophila has been studied extensively [8] .
Material and methods
The experimental insects were: 6-day-old adult female D. melanogaster Canton-S and 3-day-old adult parthenogenetic female pea aphid A. pisum Harris (CWR09/18) from laboratory cultures (see electronic supplementary material).
RNA was extracted from whole insects and dissected guts using the RNeasy Mini kit (Qiagen) and reverse-transcribed into cDNA. Multiplexed Illumina TruSeq libraries (barcode information in electronic supplementary material, table S1) were sequenced using an Illumina Hi-Seq2000 platform (100 bp single-end reads). After quality filtering, the reads were aligned to reference genomes of D. melanogaster (BDGP 5.25) and A. pisum (v. 2.1), using TOPHAT FOR ILLUMINA (v. 1.5.0) [13, 14] (see the electronic supplementary material for details). In total, 24 192 960 and 21 859 046 reads were assigned to Drosophila genes for the whole body and gut-and-Malpighian tubules samples, respectively, and 21 866 904 and 24 845 384 reads were assigned to the pea aphid whole body and gut samples. FPKMs (fragments per kilobase of transcript per million mapped reads) were obtained using CUFFLINK (v. 2.1.1).
The Drosophila Malpighian tubule gene set and pea aphid orthologues were identified as in figure 1b (see the electronic supplementary material for details). Briefly, the Drosophila genes enriched at least two-fold in tubules according to FlyAtlas microarray data were, first, filtered to remove genes that were enriched in other gut tissues (crop, midgut and hindgut) in FlyAtlas. We also excluded genes with low transcript abundance (FPKM , 1) in the Drosophila RNAseq analysis of this study. This filtered gene list comprised our Drosophila Malpighian tubule gene set. Pea aphid orthologues were obtained by reciprocal BLAST between pea aphid proteins (AphidBase:ACYPI PROTEINS v. 2.1b) and all Drosophila genes (Flybase).
Results
Our initial set of Drosophila Malpighian tubule genes obtained from the FlyAtlas microarray database of gene expression data comprised 269 genes (electronic supplementary material, table S2a). Recognizing that microarray data represent relative expression and not absolute expression levels, we additionally excluded genes with very low expression levels in Drosophila. Specifically, we quantified the expression of the initial gene set in RNAseq datasets obtained for the whole body and dissected Malpighian tubule-and-gut preparations of adult Drosophila; the samples were exclusively female Drosophila for comparison with the pea aphid, which comprises parthenogenetic females. In total, 191 (71% of the 269 Malpighian tubule genes) yielded FPKM . 1 in the Malpighian tubule-and-gut sample of adult female Drosophila, and these were used as our Drosophila Malpighian tubule gene set for subsequent analysis (electronic supplementary material, table S2a).
Of the 191 Drosophila Malpighian tubule genes, 99 (52%) had orthologues in the pea aphid genome, as determined by reciprocal best hits in BLAST (electronic supplementary material, table S2b). Of these, 14 genes were orthologous to two or more pea aphid genes and two genes were orthologous to one pea aphid gene (FBgn0039049 and FBgn0039050 versus ACYPI009740), giving 123 pea aphid orthologues. RNAseq analysis of pea aphid whole bodies and dissected guts (electronic supplementary material, Figure 2 . Significantly over-represented functions in the Drosophila Malpighian tubule gene set (white) and pea aphid orthologues (dark grey), relative to the annotated gene set in the genomes. Significantly over-represented functions in both species are highlighted in light grey; non-significant functions are in dotted-line boxes.
rsbl.royalsocietypublishing.org Biol. Lett. 11: 20150154 gut transcriptome (electronic supplementary material, table S2b). These results are consistent with our prediction (see §1) that the evolutionary loss of Malpighian tubules in aphids may be associated with the allocation of certain functions to the gut. The functions represented by the Drosophila Malpighian tubule genes and their pea aphid orthologues were investigated by mapping the Drosophila and pea aphid gene sets to PANTHER for GO analysis [15] . (Multiple pea aphid genes corresponding to a single Drosophila gene were scored as a single gene, to avoid artefactual inflation of certain functional categories.) Annotated functions were assigned to 181 Drosophila genes and 93 pea aphid genes (electronic supplementary material, table S4). These genes were used to identify biological functions that are over-represented in the Drosophila Malpighian tubule gene set and their pea aphid orthologues, relative to the total annotated gene set in the respective insect genomes. The genes involved in various transport functions and neurotransmitter secretion are overrepresented in the Drosophila Malpighian tubule gene set; these included many of the 92 Drosophila Malpighian tubules genes without orthologues in the pea aphid (electronic supplementary material, table S5). Genes in amino acid and fatty acid metabolism (including coenzyme and vitamin metabolism related to amino acid and fatty acid metabolism) were over-represented in the pea aphid orthologues ( figure 2;  electronic supplementary material, table S6 ). Furthermore, pea aphid orthologues of Malpighian tubule genes were significantly more likely than other genes of the same functional group to be expressed in the pea aphid gut (table 1).
Discussion
The pea aphid genome codes for orthologues of over half the Drosophila Malpighian tubule gene set, even though the pea aphid lacks Malpighian tubules. This result is indicative of evolutionary changes in the expression patterns of the lineage(s) giving rise to one or both of these insects. As genome sequences with high-quality annotations become available for many insect species, especially hemipterans with Malpighian tubules, it will be increasingly feasible to discriminate between the Malpighian tubule-associated genes gained/lost in the lineages giving rise to the Diptera (including Drosophila) and Hemiptera (including aphids) and the genes lost specifically from insects that lack Malpighian tubules.
Our analysis additionally provides insight into the biological correlates of the differences in gene functions represented by the Drosophila Malpighian tubule gene set and the pea aphid orthologues. In particular, the significant over-representation of genes associated with amino acid metabolism in the pea aphid is congruent with the central role of amino acid metabolism in these insects, linked to their metabolic integration of amino acid inputs from their diet of plant phloem sap and endosymbiotic bacterial symbionts [16] . The under-representation of transport functions in the pea aphid gene set may reflect the relatively Table 1 . Number of Malpighian tubule orthologues and non-orthologues expressed in the pea aphid gut. Data are presented for functional groups in figure 2. rsbl.royalsocietypublishing.org Biol. Lett. 11: 20150154 uniform ionic composition and low diversity of nutrients in phloem sap, dominated by organic solutes of low molecular weight (sugars, amino acids, organic acids, etc.). These results, notwithstanding, gene families coding for certain amino acid and sugar transporters have undergone dramatic evolutionary expansion in the aphids [17, 18] , possibly linked to the phloemfeeding habit, but these are not represented in our analysis where 'one-to-many' Drosophila to pea aphid orthologues are treated as a single orthologue.
Our research illustrates that the evolutionary loss of structures is not necessarily tightly coupled to loss of molecular function. Some genes may be retained because they have pleiotropic functions (i.e. different functions in different organs), as reported for opsin eye pigments in cave-dwelling amphipods with vestigial eyes [5] . The retention of other genes in the pea aphid genome may, however, be a consequence of the evolutionary recruitment of Malpighian tubule gene expression to other organs, especially the gut (table 1) . Organ loss may be evolutionarily less 'difficult' in lineages where the expression of relatively few genes is restricted to the organ in question, or in which gene expression patterns generally are evolutionarily labile, so facilitating the recruitment of molecular functions to alternative organs.
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